We have studied the effect of post-collision interaction (PCI) on the Auger line shape after photoionization as a function of the emission angle relative to the primary photon beam and its polarization vector. For Ne K-LL Auger lines the photon energy was in the 900-1200 eV region, for Ar L-MM lines it was in the 320-440 eV region. Our calculations, which were made on the basis of the eikonal approach, were found to be in good agreement with our measurements at these energy ranges. The angular dependence of peak asymmetry is greater when the energy difference of the photoelectron and the Auger electron is smaller: for Ar at 440 eV photon energy it even changes the sign, i.e. the PCI line distortion disappears completely at a certain angle.
Introduction
Post-collision interaction (PCI) is due to the exchange in the mutual shielding of the charged particle scattered or emitted during the inner-shell ionization process and the electron emitted by Auger decay. 
PCI occurs between the photoelectron and the Auger electron. The strength of the interaction depends on the mutual velocities of the emitted electrons and manifests itself in the asymmetric distortion of the line shape and in the shift of their maxima in photoelectron and Auger electron spectra.
The PCI effect-after the first observation by Barker and Berry in 1966 [1] -has been widely studied (see, e.g., [2] [3] [4] [5] and references therein). Even the PCI-induced angular dependence of the Auger line shapes in photoelectron-Auger electron coincidence experiments was predicted by Kuchiev and Sheinerman [6] and by Armen [7] . Later on the experiments of Kämmerling et al [8] and van der Straten et al [9] confirmed the predictions in their coincidence experiments, the latter concentrating especially on the line shifts caused by PCI. Additionally, a recent neon resonant double photoionization study of Rouvellou et al [10] showed the importance of the inclusion of the angular dependence in describing the experimental spectrum.
In the non-coincidence case the angular dependence of the PCI line shape is best known for experiments where the primary ionization is done using heavy projectiles, like protons. For electron projectiles we found an angle-dependent PCI in our previous experiments [11, 12] , the calculations based on the eikonal approximation could well explain the experimental findings. As far as we know, the angular dependence of PCI after photoionization has not been studied in non-coincidence experiments so far.
After electron impact the angular dependence of PCI is generally weak, but detectable, at primary energies where one of the secondary electrons and the Auger electron have nearly the same speeds. For Auger decay following photoionization a similar but more definite angular dependence of PCI is predicted by theory and observed by measurements, as will be shown in this paper. The calculations presented here are based on the eikonal approach that cannot be applied in near threshold ionization. However, this work is devoted to the primary photon energies more than 30 eV above the relevant thresholds of Ne and Ar.
Theory

Line shape distortion in fixed kinematics
The collision kinematics of our measurements is shown in figure 1 . In coincidence experiments both the energies and the emission angles of the photo-and Auger electrons can be measured. The polar angles and ϑ are measured relative to the photon propagation direction, while the azimuthal angles and ϕ are measured between the corresponding emission half plane and the electric vector of the linearly polarized synchrotron radiation. Supposing that all the above-mentioned values are known and moreover that the velocities of the electrons (in the laboratory frame and relative to each other) are not too small, the distorted line shape in the eikonal approximation is described as follows [13] :
where
Equation (2) describes the electron intensity y C (ε) at relative energy ε, y 0 C (ε) is a constant at a given kinematics, L is the natural line width of the ionic state, E is the energy of the Auger electron and E 0 is its unperturbed value. The function k(ξ, ε) represents the distortion of the Auger line. The asymmetry parameter ξ is determined by the collision kinematics measured in atomic units (|e| =h = m e = 1). The energy shift E of the maximum of the Auger peak can also be calculated from this parameter as
Although we prefer to use the more easily measurable asymmetry parameters rather than the energy shift, one can easily transform our data into the energy shift E of the maximum of the Auger peak by means of above given equation (5) and using the Lorentz widths L from our best fits (265 meV for Ne and 115 meV for Ar data).
Line shape distortion in non-coincidence experiments
Equations (2)-(5) cannot be applied directly into the present experimental spectra, because the photoelectrons are not detected in coincidence with Auger electrons. However, as the Auger electron spectrum is detected from a given direction, the variables ε, ϕ, and ϑ are available. In this case the average of the different possible distortion functions k(ξ, ε) has to be used. This average distortion function, k(ξ, ε), can be obtained by integration over the non-measured and angles, weighting by the corresponding differential cross-sections and dividing by the total cross-section [12] . The average distortion function is thereby given by
where σ t i is the total cross-section for the creation of an inner-shell ionic state and the differential cross-section dσ d describes the angular distribution of photoelectrons. Finally, the Auger line shape in non-coincidence measurements is given by
where y 0 NC is constant at a given angle ϑ. It has to be noted that the eikonal approximation cannot be used when either v 1 or v 12 approaches zero. Especially in threshold ionization the velocity of the emitted photoelectron v 1 can be so small that-instead of equations (2) and (3)-the application of the more precise quantum mechanical formulae (see, e.g., [7] ) becomes necessary.
Angular distribution of photoelectrons
Within the dipole approximation, the differential cross-section of the emitted photoelectrons is given by the equation [14] 
where P 2 (cos ) is the second Legendre polynomial and β is the angular asymmetry-or angular distribution parameter. The value of this parameter is constant for Ne 1s photoionization (β = 2) but for Ar 2p ionization it depends on the photon energy. On the basis of the published data [15] we used in our calculations the value β = 1 at 320 eV photon energy (excess energy of 71.4 eV) and the value β = 1.33 at 440 eV photon energy (excess energy of 191.4 eV).
Experiment
The Ne and Ar Auger electron spectra were measured at the undulator beam line I411 [16, 17] at the 1.5 GeV MAX-II storage ring in Lund, Sweden. The radiation was monochromatized by a modified SX-700 plane grating monochromator. The ejected electrons were detected using a rotatable Gammadata-Scienta SES-200 hemispherical analyser. All the measurements were performed perpendicularly to the photon beam (ϑ = 90
• ) whereas the azimuthal angle ϕ was varied between 0
• and 90
Auger spectrum was measured at 900, 1000, 1100 and 1200 eV whereas the Ar L 3 -M 2,3 M 2,3 Auger spectrum was measured using 320 and 440 eV photon energies. For neon experiments the azimuthal angle ϕ was 90
• for all the photon energies, but on an Ar target at 440 eV, where the present calculations show the maximum angular dependence of line shapes (see below), the measurements were done at every 30
• in the 0 figure 2 we show an example of experimental Auger spectra measured from both targets. After the subtraction of a polynomial background the Auger peaks, calculated by a convolution of a Gaussian spectrometer function and the PCI distorted line shape described by equations (2) and (3), were fitted. The fitting procedure was based on the χ 2 minimization program EWA that has been developed in ATOMKI [18] . The results of the best fits are also shown in the figures. The 1 D 2 line of the Ne K-L 2,3 L 2,3 Auger spectrum is well separated, so it is evaluated independently of the other part of the spectrum. However, the Ar L 2,3 -M 2,3 M 2,3 Auger spectrum consists of ten more or less overlapping peaks and the intense peaks (e.g. the most intense L 3 -M 2,3 M 2,3 1 D 2 peak) cannot be evaluated independently. For this reason the whole spectrum was evaluated using the method described in our earlier work [19] .
Discussion
The average asymmetry parameter
The numerical k(ξ, ε) average distortion function given by equation (6) is not suitable for fitting the experimental, PCI distorted, Auger lines. Therefore, like in our previous works [11, 12] , we replaced the numerical k(ξ, ε) function by a k(ξ fit , ε) function (see equations (2) and (3)) in the fitting procedure. This asymmetry parameter, ξ fit , obviously does not have a direct physical meaning, like the ξ parameter described in equation (4) addition, the theoretical lineshape, which is calculated using the average distortion function k(ξ, ε) in equation (6), can be fitted using the distortion function k(ξ , ε), which is of the form presented in equation (3) . This method gives an opportunity for a direct comparison between the theoretical and experimental parameters ξ and ξ fit , respectively. However, instead of the labour-consuming method described above, a simpler one will be used here like in the previous work [12] . An average asymmetry parameter ξ a
is calculated directly. The ξ in the equation above is determined by the collision kinematics according to equation (4) . For the case of electron impact it was found that ξ a is systematically greater than ξ or, in other words, the Auger peak asymmetry in a non-coincidence experiment is smaller than the average peak asymmetries in the corresponding coincidence experiments. In this paper this simpler method is used and the calculated ξ a average asymmetry parameter values are given, remarking, however, that they will afford an overestimation for the experimental values. Auger spectrum following the Ar 2p 3/2 photoionization (E ioniz = 248.6 eV) at different photon energies and at different Auger emission angles. The calculations were performed by the SCILAB 2.5 computer code, the numerical integrals according to equation (9) were calculated by an intsplin method.
Results of calculations
Calculations show that the angular dependence of the ξ a average asymmetry parameter of Auger lines has the same character in every case and only the magnitudes depend on the primary photon energy. This is not surprising because the angular distribution of photoelectrons also has the same character in different cases. Although we show only two examples in figure 3 , in all considered cases the Auger line asymmetry dependence on the polar angle ϑ of its emission has a maximum in the polarization plane (ϕ = 0
• ). On the other hand, the dependence on the azimuthal angle ϕ of Auger emission has a maximum in the plane perpendicular to the photon beam (ϑ = 90 • ). Our measurements have been done in the latter plane, which is very advantageous for the observation of the angular dependence of PCI. Figure 4 shows the intersection curves of the asymmetry parameter surfaces (figures 3(a) and 3(b)) and the measuring plane (ϑ = 90
• ), together with the results of our calculations for other primary energies. Certainly at lower photon energies there is a considerable PCI effect (i.e. |ξ a |, the absolute value of ξ a , is high), but the angular dependence of ξ a is negligible. However, at higher energies |ξ a | is smaller but shows greater angular dependence. For example, for Ne at 900 eV the ξ a values are between −0.5436 and −0.5465 (0.5% variance) and at 1200 eV they are between −0.0517 and −0.0837 (38% variance). This behaviour is well understood because, as seen from equation (4), the −1/v 1 term dominates in ξ at low energy and the velocity v 1 of the photoelectron is proportional to the square root of the excess energy. At higher energies the +1/v 12 term can effectively raise the ξ value and the angular dependence of the relative velocity v 12 becomes more significant. Since the relative velocity v 12 equals the magnitude of the vector difference of the photo-and corresponding Auger electron velocities ( v 1 and v 2 ), respectively, it mostly depends on the orientation of these vectors when their magnitudes are equal.
In both cases studied here, the ξ a average asymmetry parameter has the minimum value (and the maximum absolute value) at ϕ = 90
• ; the curves are also symmetrical to this angle. For the Ar L-MM Auger spectrum, excited using 440 eV photon energy, the angular dependence of ξ a is very high, and the value of the ξ a parameter even changes the sign. The ξ a (ϕ) curve crosses the ξ a = 0 axis at approximately ϕ = 49
• , consequently on the basis of our calculations at this photon energy and at this emission angle (ϑ = 90
• , ϕ ≈ 49 • ) a vanishing PCI effect is expected.
Comparison between experiment and theory
The experimental asymmetry parameters ξ fit obtained from applying the best fit procedure to the experimental data are compared to the ξ a results of our calculations for both Ar and Ne in figures 5 and 6. The behaviour of the asymmetry was studied as a function of the excess energy (E excess = hν − E ioniz ) at ϕ = 90
• azimuthal angle and for Ar as the function of ϕ at 440 eV photon energy. As seen from figure 6, the experimental asymmetry parameter values ξ fit are in good correspondence with the theoretical results, especially when keeping in mind, as mentioned before, that the theoretical ξ a values are bigger than the actual ξ values.
In the Ar L-MM Auger spectrum excited using 440 eV photon energy, the speeds of the photo-and Auger electrons are close to each other (E 0 = 203.25 eV, E photo = E excess = 191.4 eV) and therefore a very strong angular dependence of peak asymmetries is expected. The experimental results confirm our predictions and demonstrate the definitely opposite signs of peak asymmetries in the polarization direction (ϕ = 0
• ) and in the perpendicular direction (2) and (3)) asymmetrical profile (lower panels). The residual spectra and the smoothed residual spectra are also given above each spectrum.
(ϕ = 90
• ). The sign changes in the 35
• -45
• region, where the PCI distortion, i.e. the energy shift and line shape distortion, completely vanishes.
To demonstrate this interesting result with the experimental spectra is a difficult task, because of the overlapping structures of the Ar L 2,3 -M 2,3 M 2,3 spectrum ( figure 2(b) ) and the small absolute value of asymmetry (a peak with |ξ a | < 0.05 seems to be a completely symmetrical line using the naked eye). Nevertheless we attempt this in figure 7 by means of the examination of the separate 1 S 0 peak of the Ar L 3 -M 2,3 M 2,3 spectrum. In the figure we show the experimental peaks, measured at ϕ = 0
• (left-hand side) and at ϕ = 90
• (right-hand side) with the best fitting symmetrical Voigt profile (top) and PCI distorted (equations (2) and (3)) asymmetrical profile (bottom). To characterize the quality of the fits we also show the residual spectra (and the smoothed residual spectra) and the normalized χ 2 values. With the symmetrical Voigt profile the fit is definitely worse, because of the low energy tail of the Auger line at ϕ = 0
• and the high energy tail at ϕ = 90
• . We remark that the asymmetry parameters of the best fitting curves in the bottom panels (ξ = +0.035 at ϕ = 0
• and ξ = −0.033 at ϕ = 90
• ) are close to the values subtracted from the whole spectra and given in figure 6 .
It is interesting to see the theoretical results of van der Straten et al [9] , where they also found a vanishing PCI effect in the energy shift for the same Auger transition. However, we cannot directly compare our results to these because the angle in their coincidence experiment was defined as a relative angle between the photo-and the Auger electrons whereas in our non-coincidence calculations and experiments the angle was measured between the Auger electron and the polarization vector of the primary photon beam.
Summary
The angular dependence of PCI after photoionization was studied both by non-coincidence experiments and by calculations based on the eikonal approximation. The PCI distortion of the Auger line was found to depend, in addition to excess energy, on its emission angle relative to the photon beam direction and the polarization vector. Although the Auger line asymmetry is much greater close to the ionization threshold, its angular dependence has a maximum when the kinetic energies of the photoelectron and the Auger electron are almost the same. The general agreement between calculated and measured peak asymmetries is good in both cases studied, showing the applicability of the models used in theoretical predictions.
Although the PCI-induced energy shift has been known for a long time, the energy shift caused by the angular correlation of photo-and Auger electrons has not been paid direct attention. One reason might be that in the programs used for fitting, the asymmetry parameter is just one of the fitted parameters, including the asymmetry caused by both the excess energy and the angular correlation. This work demonstrates directly the effects of the angular correlation between the photo-and corresponding Auger electrons and shows vanishing PCI effects at certain angles even in cases when the photoelectron is still slower than the Auger electron.
